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Abstract

Background: This study aimed to delineate the clinical phenotype of patients
with 9p deletions, pinpoint the chromosomal breakpoints, and identify the criti-
cal region for trigonocephaly, which is a frequent finding in 9p terminal deletion.
Methods: We investigated a cohort of nine patients with chromosome 9p ter-
minal deletions who all displayed developmental delay, intellectual disability,
hypotonia, and dysmorphic features. Of them, eight had trigonocephaly, seven
had brain anomalies, seven had autistic manifestations, seven had fair hair, and
six had a congenital heart defect (CHD).

Results: Karyotyping revealed 9p terminal deletion in all patients, and patients
8 and 9 had additional duplication of other chromosomal segments. We used six
bacterial artificial chromosome (BAC) clones that could identify the breakpoints
at 17-20 Mb from the 9p terminus. Array CGH identified the precise extent of
the deletion in six patients; the deleted regions ranged from 16 to 18.8 Mb in four
patients, patient 8 had an 11.58 Mb deletion and patient 9 had a 2.3 Mb deletion.
Conclusion: The gene deletion in the 9p24 region was insufficient to cause am-
biguous genitalia because six of the nine patients had normal genitalia. We sug-
gest that the critical region for trigonocephaly lies between 11,575 and 11,587 Mb
from the chromosome 9p terminus. To the best of our knowledge, this is the mini-
mal critical region reported for trigonocephaly in 9p deletion syndrome, and it

warrants further delineation.
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1 | INTRODUCTION

9p deletion syndrome (Online Mendelian Inheritance in
Man [OMIM |:# 158170) causes intellectual disability (ID)
and developmental delay and is characterized by trigo-
nocephaly and dysmorphic facial features in the form of
malformed low-set ears, upward-slanting palpebral fis-
sures, and midface hypoplasia. Reversed sex or impaired
gonadal development has been observed in some patients.
Alfi et al. (1973) were the first authors to describe 9p dele-
tion syndrome. Many authors reported that DMRT1 gene
(OMIM# 602424), mapped to the 9p24.3 region, was re-
sponsible for the reversed sex (Barbaro et al., 2009; Ogata
et al., 2001). Calvari et al. (2000) reported a patient with
46,XY reversed sex and a 9p terminal deletion extending
700 kb from the 9p terminus, with the breakpoint local-
ized very close to, but outside of, DMRT1I gene.

Many authors have attempted to identify the genes
responsible for trigonocephaly, but they could only map
this trait to a critical region located at 11—16Mb from the
chromosome 9p terminus (Faas et al., 2007; Hauge et al.,
2008; Mitsui et al., 2013; Shimojima & Yamamoto, 2009;
Wagstaff & Hemann, 1995). Christ et al. (1999) studied
24 patients with 9p deletion syndrome and identified
10 different breakpoints, nine of which were in a region
of ~5 Mb in chromosome 9p22—p23. Shimojima and
Yamamoto (2009) postulated that certain genes, such as
CER1 (OMIM# 603777), TYRP1 (OMIM# 115501), and
PTPRD (OMIM# 601598), were responsible for the phe-
notype of 9p deletion syndrome. Many authors found that
telomeric deletions were associated with gonadal dysgen-
esis (Calvari et al., 2000; Kawara et al., 2006; Onesimo
et al., 2012; Swinkels et al., 2008), while proximal dele-
tion caused a malformation syndrome (Christ et al., 1999;
Wagstaff & Hemann, 1995). In their study of 10 patients
with 9p deletion Hauge et al. (2008) mapped the region
responsible for the disease between 11.8 and 16 Mb from
the chromosome 9p terminus.

Many authors have reported the association between
9p deletion syndrome and the presence of autism spec-
trum disorders (ASD), some of whom reported that the
genes located in the 9p24 region were responsible for ASD
(Giines et al., 2017; Vinci et al., 2007; Yang et al., 2012).
DOCK8 (OMIM# 611432), CBWD1 (OMIM# 6110738),
KANKI (OMIM# 607704), and FOXD4 (OMIM# 601092)
genes are responsible for autistic behavior and speech
and language disorders. These genes lie distal to DMRT1
gene, (Lai et al., 2001; Ottolenghi et al., 2000; Ruusala &
Aspenstrom, 2004). Here, we present nine patients with
9p terminal deletions with the aim of delineating the clin-
ical presentation of patients with 9p deletions, identifying
the chromosomal breakpoints, and defining the minimal
critical region for trigonocephaly.

2 | PATIENTS AND METHODS

21 | Clinical summary

The study cohort comprised nine patients from nine un-
related Egyptian families, including six females and three
males aged 3 months to 9 years. They were referred to our
genetic clinics at the National Research Centre because of
developmental delay and an abnormal skull shape. All had
unremarkable pregnancy and delivery histories. Details of
their clinical features are presented in Table 1. Eight pa-
tients had the characteristic skull shape of trigonocephaly
and a prominent metopic suture, while one patient had a
high and broad forehead and frontal bossing. All had a flat
occiput and moderate to severe intellectual disability (ID).
Moreover, six of the nine patients had associated autistic
features. The characteristic facial dysmorphism of 9p dele-
tion syndrome was present in all patients, including arched
bushy eyebrows, hypertelorism, midface hypoplasia, a
flat nasal bridge, anteverted nares, a long philtrum, a thin
upper lip, and low-set, posteriorly positioned ears (Figure 1).
Moreover, they all had a short neck, widely spaced nipples,
and hypotonia. Three patients had nystagmus. Hernias were
present in four patients (two with inguinal hernias, one with
an umbilical hernia, and one with both umbilical and ingui-
nal hernias). Congenital heart defects (CHDs) were noted in
six patients and included patent ductus arteriosus (PDA) in
two patients, and atrial septal defect, both atrial septal defect
and PDA, ventricular septal defect (VSD), and coarctation of
the aorta in one patient each, respectively. Abnormal exter-
nal genitalia were observed in three patients (two females
had an absent clitoris and hypoplastic labia minora, and one
male had hypospadias and a hypoplastic scrotum); however,
none of our patients had reversed sex. All patients had long
tapered fingers and flat narrow feet, and two also had mis-
aligned and overlapping toes. Scoliosis was evident in one
patient, and another had kyphosis. Anthropometric meas-
urements revealed normal height and weight, except for pa-
tient 8, who was underweight. Microcephaly was noted in
three of the nine patients. Brain magnetic resonance imag-
ing (MRI) records were available for seven patients, reveal-
ing a hypoplastic corpus callosum in five and mild cortical
atrophy in four patients. Fair hair was noted in seven pa-
tients. A history of repeated infections was noted in eight,
constipation was reported in seven, and gastrointestinal
reflux was found in five patients. Additionally, two patients
experienced sleep disturbances.

2.2 | Methods

Cytogenetic analysis was performed on peripheral blood
lymphocytes for the nine probands and their parents
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at the level of 550 cytobands. The nomenclature used
was according to the International System for Human
Cytogenomic Nomenclature 2016 (ISCN).

We used six BAC clones in four patients (patients 3,
5, 6, and 7): four spanning the 9p21—p23 region (test
probes) and two encompassing 9q13 and 9q34.3 (con-
trol probes). We labeled the BAC clones via nick trans-
lation kit (Abbott), followed by precipitation of the
probe DNA, lyophilization using SpeedVac centrifuge
(Eppendorf) and dissolution of the probe in hybridiza-
tion buffer for use in fluorescence in situ hybridization
(FISH).

Array comparative genomic hybridization (CGH) was
performed in patients 1, 2, 3, 5, 8, and 9 using CytoScan
750K and Cytoscan HD gene chips (Affymetrix).
Hybridization of the gene chips was performed for 16 h
using a GeneChip Hybridization Oven 645 (Affymetrix),
followed by washing in a Genechip Fluidics Station
450 (Affymetrix) and scanning on a GeneChip Scanner
3000 (Affymetrix). Data analysis was performed using
Chromosome Analysis Suite software (Affymetrix).

3 | RESULTS

3.1 | Karyotype results

Patients 1—7 had pure 9p terminal deletion (see Figure 2a
as an example of del(9)(p22)), patient 8 had a 46,XY,der(9)
t(8;9)(p21;p23) karyotype (Figure 2b), and patient 9 had
a 46,XX,der(9)t(7;9)(p15;p24) karyotype (Figure 2c). All
parents had a normal karyotype, with the exception of the
mother of patient 7, who had a 46,XX,t(8;9)(q24.3;P21.1)
balanced translocation, (Figure 2d).

3.2 | BAC Clones

BAC clones were used in four patients (patients 3, 5, 6,
and 7). We used six BAC clones, four spanning the distal
9p23—p21 region (test probes), and two (9q13 or 9q34.3)
serving as controls.

The proximal RP11-730N17 and RP11-175M8 probes
on 9p21.3 were not deleted. The RP11-163F8 and RP
11-87N24 probes on 9p22 and 9p22-p23, respectively,
were deleted (Figure 2e,f). These results indicated that
the breakpoints lay between the RP11-163F8 and RP11-
175M8 probes, which are located in a region between
17,770 and 20,602 Mb from the 9p terminus. Figure 2e,f
depicts the deleted and non-deleted BAC clones, and
Table 2 shows the deleted and non-deleted BAC clones on
chromosome 9p.

Open Access,

3.3 | Array CGH

Array CGH was performed in six patients (patients 1, 2, 3,
5,8,and 9). In patients 1, 2, 3, and 5, the deleted regions in
9p ranged from 16.8 to 18.9 Mb. Patient 1 had an extra de-
leted segment of 1.1 Mb at 9p22.3, whereas patient 3 had
a 2.47 Mb duplicated segment at 9p22.3—p22.1. Patient 8
had an 11.5 Mb deletion in the 9p terminus and 19 Mb
duplication in chromosome 8p. Patient 9 had a 2.3 Mb de-
letion in the 9p terminus and a 26.8 = Mb duplication of
the 7p terminus.

Figure 3 shows the Array CGH results of patients 1, 2,
3,5, 8, and 9, with deleted 9p and extra deleted and dupli-
cated 9p segments. Table 3 shows the array CGH results
and the extent of the deleted 9p terminus as well as the ad-
ditional deleted and duplicated segments (genome build
GRCh37).

Figure 4 compares the 9p terminal deletion regions in
our patients with those reported by other authors to iden-
tify the minimal critical region for trigonocephaly.

4 | DISCUSSION

9p deletion syndrome is a multiple congenital anomaly/
developmental delay syndrome characterized by cardinal
manifestations of dysmorphic facial features, male sex
reversal, trigonocephaly, and multiple congenital anoma-
lies. There is an association between the distal 9p (9p24.3)
deletion and autism, ID, delayed speech, behavioral prob-
lems, 46,XY reversed sex (female external genitalia), and
ambiguous genitalia in both sexes. Deletion of the proxi-
mal region (9p23—p22) is responsible for the clinical
manifestations of 9p deletion syndrome specifically trigo-
nocephaly (Hauge et al., 2008; Swinkels et al., 2008).

All our patients presented with the main clinical mani-
festations of 9p deletion syndrome including trigonoceph-
aly, except for patient 9, who had a 2.3 Mb 9p terminal
deletion and presented with abnormal genitalia. In pa-
tients 1-8, the deletion ranged from 11.58 to 18 Mb.

Behavioral abnormalities, ID, delayed speech, and au-
tistic behavior are common features of 9p deletion syn-
drome. In our study, we reported seven patients who had
autistic manifestations. This could be attributed to dele-
tion of FOXD4 gene. DOCKS8, KANKI, and FOXD4 are
located distal to DMRT1 gene and their deletion causes
behavioral abnormalities, ID, delayed speech, and autistic
behavior. Hauge et al. (2008) reported 10 patients with 9p
deletion, all of whom had autistic- like behavior and be-
havioral problems, delayed speech, and language impair-
ment in all above 1-year-old patients. They all shared a
minimal deleted region at 9p24.3 of ~800 kb that involved
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TABLE 1 Clinical characteristics of the studied patients with 9P deletion in comparison with some other authors

Age Y'M
Sex
Craniofacial features

Trigonocephaly/prominent
metopic suture

Flat occiput
Choanal atresia

Upslanting palpebral
fissures

Arched eye brows/bushy
Hypertelorism
Epicanthal folds
Nystagmus

Midface hypoplasia

Flat nasal bridge
Anteverted nares

Long flat philtrum

Low-set, posteriorly
positioned ears

Abnormal mandible

Microstomia

Short neck

Globalized hypotonia
Widely spaced nipples
Cardiac defects

Inguinal Hernias Umbilical
hernia

Abnormal genitalia

Hypopigmentation of skin/
hair

Joint hyperlaxity

Skeletal anomalies

Long tapering fingers/toes
Clinodactyly

Narrow flat feet

Other anomalies of Hands
& feet

Scoliosis

P1
0:5

+ + +

+ + + + +

Micro-gnathia

+ + + +

PDA

+ Fair hair

+
+
+
Talipes

P2

0:11

I+ o+ o+

+ + + +

+ + + o+

Absent clitoris
and labia
minora

+ Fair hair

+

+

Fusi-form taper-

ing fingers

P3
9:00

Slightly
Slightly
+
+

I+ o+ o+

+ +

Toes mis-aligned

+

Fusiform tapering

fingers &
mis-aligned
Toes

P4
3:00

+ + + + + o+ + o+ o+

+ + + o+

PDA

+ Fair hair

P5
6:00

+

+ + + + + + + + +

Prom-inent
mandible

+ o+ + o+

ASD

+
+

Widely spaced
toes

Pé6
1:10

+ + + + + + + o+ o+

Promi-nent
mandible

+ + + +

VSD
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(2008) (2008) al. (1988)
P7 P8 P9 P No. p=13 p=10 p=2388
0:03 2:08 0:09
F M F
1 + - 8/9 8/13 3/8 32/32
+ + + 9/9
- - — 0/9
+ - - 5/9 4/13
+ L + 9/9 5/13 2/6 9/12
- + + 8/9
+ + + 8/9
— — - 3/9
+ + + 7/9 11/13 4/6 6/7
+ + + 9/9 8/13 27/28
+ + Slightly 9/9 9/13 30/32
+ + + 9/9 10/13 6/7 32/32
+ o + 9/9 9/13 6/9 27/32
Micrognathia 4/9
1 - + 7/9
+ + + 9/9 26/27
+ I F 9/9 11/13 12/22
+ + + 9/9 9/10 4/7 31/31
(ASD and PDA) Coarctation of the aorta NA 6/8 7/13 2/4 16/35
- — 3/9 16/35
- - - 2/9 -
- + Absent clitoris and  3/9 3/13 4/6 15/36
Hypospadias & labia minora
Hypoplastic scrotum
— + Sparse hair 7/9
Fair hair
Sparse
+ + + 7/9 6/10
— + bilateral misaligned toes NA 7/8 10/13 5/18
+ + NA 5/8 3/9
+ + NA 7/8 8/11
Campto-dactyly in Long big &2nd toes, NA
hands, talipes and bilateral short
over-lapping toes dysplastic 3rd toe and
bilateral proximal
thumb displacement.
— — Kyphosis 2/9 5/13 9/21

(Continues)
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TABLE 1 (Continued)
P1 P2
Precocious puberty - -
Seizures - —
Gastrointestinal reflux - -
Constipation + 4k
Frequent infections + +
Sleep disorders - -
Excessive drooling
Glaucoma/Cataract - -
Developmental delay + +
DQ 48% DQ 20%
Moderate Severe
Autistic behavior aF aF
Speech/language delay Early to +
evaluate
Anthropometry (SD)
Weight Mean —0.5SD
Height —0.5SD Mean
Head circumference —0.5SD —-2.9SD
Brain MRI findings Hypo-plastic Lt occipitoparietal
corpus area of hypo-
callosum density due to
HIE.

P3 P4 P5 Pe6
p— p— + p—
- + + +
- + + +
+ + + +
- - + +
- + +
+ + + + Moderate
50 (mild to 50 Severe
moderate)
- + + +
+ + Absent + Absent +
Mild speech speech Absent
speech
Mean —-1SD —-1SD —-1.5SD
—-2SD —-2SD —2.1SD —-1SD
—-3.1SD —1SD —2SD —-3.2SD
NA Mild Mild cortical Hypo-plastic
cortic-al atrophy, corpus
and hypo- callosum
central plastic
atro-phy corpus
callosum
and
prominent
Sylvian
fissure

Abbreviations: —, absent; +, present; ASD, atrial septal defect; DQ, developmental quotient; F, female; M, male; NA, not available; P, patient; PDA,
patent ductus arteriosus; SD, standard deviationVSD, ventricular septal defect; Y:M, year:Month.

FOXD4 gene. Eight of our patients had recurrent infec-
tions, which may be attributed to DOCKS8 gene deletion.

Brain anomalies are observed in almost all patients
with 9p deletion. In our study, seven patients had abnor-
mal brain computed tomography (CT), (CT results were
unavailable for patients 6 and 9), five showed varying
degrees of corpus callosum malformation in neuroimag-
ing findings, ranging from complete agenesis to isolated
hypogenesis of the corpus callosum, or association with
other cortical malformations in the form of mild cortical
atrophy.

In 2018, Schanze et al., described 18 patients with
macrocephaly, acquired, with impaired intellectual de-
velopment (MACID) syndrome, in which some patients

had corpus callosum abnormalities. Of them, 11 had dele-
tions ranging from 225 kb to 4.2 MB on 9p23—p22, where
the shortest region included NFIB gene (OMIM# 600728)
alone.

Although reversed sex is another feature of male pa-
tients with 9p deletion, this was not observed in any of our
male patients. However, three of our patients had abnor-
mal genitalia; two females and one male. Patient 2 with
an 18.9 Mb terminal deletion exhibited an absent clitoris
and hypoplastic labia minora, while patient 8, a male with
an 11.58 Mb 9p terminal deletion, exhibited hypospadias.
Patient 9 had a 2.3 Mb 9p terminal deletion and abnor-
mal genitalia. These data support the hypothesis that
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P7 P8 P9 P No. p=13 p=10 p=2388
— — - 0/9
- — — 1/9
+ + - 5/9
+ o — 7/9
+ + - 8/9 9/11
- + - 3/9

+ - 3/9
-/ - - 0/9
+ + + 9/9 13/13 36/36
40 Severe Severe
Moderate
= I — 6/9
Early to evaluate + Early to evaluate 6/6

Absent speech
-1.8SD —-2.9SD +2SD 8/9 mean
—1.3SD Mean +2 SD 9/9 mean 9/9 mean

—0.4
—0.9 SD Mean +2SD 3/8 microcephaly
Hypo-plastic Mild cortical and central NA 717 1/8

frontal lobe and atrophy
hypoplasti-c Hypoplastic corpus
corpus callosum Callosum

abnormal genitalia are related to 9p24.3 terminal deletion
encompassing the DMRT gene family.

Guioli et al. (1998) described five 46,XY males who had
deletion of 9p24; two had female external genitalia and
three had ambiguous genitalia. They concluded that 9p
terminus was critical for male sex development.

Huret et al. (1988) evaluated 80 patients with 9p dele-
tion, of whom 42% had external genital anomalies. The
46,XX individuals did exhibit gonadal dysgenesis and
had less ambiguous genitalia. Moreover, Quinonez et al.
(2013) reviewed 88 patients with a 46,XY karyotype who
had 9p deletion, of whom 60% had gonadal dysgenesis
or ambiguous genitalia. They concluded that the hemi-
zygous deletion of 9p24.3 (including DMRT gene), was

insufficient to cause sex reversal or ambiguous genitalia in
many patients with 9p terminal deletion. This could be ex-
plained by additional genes on other chromosomes being
responsible for the development of genital organs that are
important in both males and females for gonadogenesis
and sex determination (Hauge et al., 2008).

The most common CHD defects reported in 9p de-
letion syndrome are VSD, atrial septal defect, and PDA
(Pierpont et al., 2018). KDM4C (OMIM# 605469) on
9p24.1 is responsible for cardiac differentiation in mu-
rine embryos, whereas CERI located on 9p22.3 is asso-
ciated with CHD. In turn, mutation of FOXD4 on 9p24.3
is associated with dilated cardiomyopathy (Pierpont
et al., 2018). CHD was present in six of our nine patients.
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Patient 1 Patient 2 Patient 3

A L« iy
Patient 5

Patient 4

FIGURE 1 Facial characteristic of the nine patients with 9p deletions. Faces of patients 1—8, showing trigonocephaly, arched bushy

eyebrows, upward-slanting palpebral fissures, epicanthic folds, hypertelorism, upturned nostrils, a long philtrum, microstomia, and thin

lips except for patient 1 who has a thick everted lower lip. Face of patient 9 showing a high forehead, frontal bossing, thin arched eyebrows,

hypertelorism, a depressed nasal bridge, microstomia, a flat philtrum, and micrognathia

Coarctation of the aorta is a rare manifestation of 9p de-
letion syndrome, which was reported by Koslow et al.
(2018) and observed in our patient 8. Other rare manifes-
tations may be associated with 9p deletion syndrome like
neonatal hyperinsulinemia/hypoglycemia (Bayata et al.,
2018) and arthrogryposis multiplex congenita (Kim et al.,
2017).

Some authors have reported patients with 9p deletion
associated with other chromosomal abnormalities. Our
patient 8 had a derivative chromosome 9 with an 11.5 Mb
9p terminal deletion and duplication of 19 Mb of 8p23.3—
p21.3, karyotype 46,XY,der(9)t(8;9)(p21;p23). 8p dupli-
cation syndrome is characterized by mild or moderate
developmental delays, mild dysmorphism, CHD, and be-
havioral disorders (Barber et al., 2013). Our patient 8 had
the main characteristic features of 9p deletion syndrome
rather than those of 8p duplication syndrome.

Moreover, our patient 9 had a karyotype of 46,XX,der(9)
t(7;9)(p15;p24), with the deletion of 2.3 Mb of 9p224.2 and
duplication of 26.8 Mb of 7p22.3—p15.2. This patient pre-
sented with dysmorphic features and abnormal genitalia
in the form of an absent clitoris and hypoplastic labia mi-
nora, but no trigonocephaly. These features were more
suggestive of 7p duplication syndrome, which includes ID,

skeletal abnormalities, CHD, and dysmorphic features in
the form of large anterior fontanel, a broad forehead (ob-
served in our patient 9), hypertelorism, and low-set ears
(Cox and Butler, (2015; Goitia et al., 2015; Papadopoulou
et al., 2006).

Many studies have been performed to define the crit-
ical region on chromosome 9p that is responsible for the
clinical presentation of 9p deletion syndrome. Christ
et al. (1999) performed cytogenetic and molecular anal-
ysis to identify breakpoint cluster regions in 24 patients
who had 9p deletion and narrowed the critical region
as extended for 8 Mb from marker D9S285 to marker
D9S286, encompassing bands 9p23—p22 (8—16 Mb),
starting from the 9p terminus. Moreover, Hauge et al.
(2008) reported 10 patients with 9p deletions of vary-
ing sizes. None of them had reversed sex, but four had
ambiguous genitalia, five had deletions <7 Mb, and four
had deletions of 10—12.4 Mb. However, trigonocephaly
was only present in three patients; one with a 2 Mb ter-
minal deletion of 9p and the other two with a deletion of
10—12.4 Mb. Hauge et al. (2008) suggested 9p22.3 as the
hotspot of 9p deletion syndrome. Swinkels et al. (2008)
analyzed 13 Dutch patients with 9p deletion, in whom
50% had the clinical picture of 9p deletion syndrome;
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FIGURE 2 Karyotyping results of the patients with 9p deletions. (a) Karyotype 46,XX,del(9)(p22), this is an example for of 9p terminal
deletion because there is no difference at the karyotype level in the extent of the deletion in the seven patients with 9p terminal deletion. (b)
Karyotype of patient 8 with 46,XY,der(9)t(8;9)(p21;p23). (c) Karyotype of patient 9 show 46,XX,der(9)t(7;9)(p15;p24). (d) Karyotype of the
mother of patient 7 with 46,XX,t(8;9)(q24.3;P21.1). () BAC FISH results of patient 6. Red arrow, RP11-730N17 BAC FISH probe (used as the
test probe at 9p21.3) was not deleted. Green arrow, RP11-370H5 BAC FISH probe (used as the control probe at 9q13). (f) Red arrow, RP11-
87N24 BAC FISH probe (used as the test probe at 9p22—23) was deleted. Green arrow, RP11-370H5 BAC FISH probe (used as the control

probe at 9q13)
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three of five males had disorders of sex development,
seven patients had CHD, and two had ASD. The authors
concluded that the critical region responsible for 9p de-
letion syndrome lay within a 300 Kb region on 9p22.3.
Abreu et al. (2014) reported two cousins who were
born to identical twin sisters and had a deletion in the
9p24.3 region associated with the phenotype of 9p dele-
tion syndrome. In that study, although FISH and mul-
tiplex ligation-dependent probe amplification (MLPA)
techniques with probes that covered only copy number
variants at the telomeric regions, were used, the authors
postulated that the deletions were only located at these
sites. However, they did not use probes or markers for
the detection of deletions extending beyond the 9p23 or
p22 loci. The presence of the 9p-deletion phenotype in
these two reported patients indicates that the deletions
may extended to more proximal regions. This highlights
the importance of array CGH to detect the exact exten-
sion of deleted and duplicated segments.

Spazzapan et al. (2016) reported six patients with the
clinical picture of 9p deletion syndrome who all had trig-
onocephaly and abnormal brain CT findings, with an ab-
normal corpus callosum only observed in four patients.
All had a deletion involving the 9p23—p22 region. Several
authors have narrowed down the critical region of trig-
onocephaly to a 3.5 Mb segment extending from 11.4 to
14.9 Mb from the 9p terminus (Christ et al., 1999; Huret
et al., 1988; Kawara et al., 2006).

Although CERI and FREMI1 (OMIM# 608944) were
suggested as responsible for trigonocephaly, in our pa-
tient 8, who had trigonocephaly, the CERI and FREM1I
loci were not part of the deleted 9p region. This suggests
that CERI and FRM1 are not the only genes responsible
for trigonocephaly and that other distal genes may be

responsible. This finding is supported by the results of
Swinkels et al. (2008), who did not find CERI deletions
or mutations in sequencing data of nine patients with iso-
lated trigonocephaly.

In our patient 8, the 9p deletion extended 11.58 Mb
from the 9p terminus to 9p23. This patient had the clinical
picture of 9p deletion syndrome including trigonocephaly,
suggesting that the critical region for the clinical picture
of 9p deletion lies within the 9p23 segment, which is sup-
ported by the findings of Hauge et al. (2008) and Hou et al.
(2016). In the patient reported by Recalcati et al. (2012)
and patient 9 of Swinkels et al. (2008), the absence of
trigonocephaly in the presence of a deletion >15 Mb may
be due to reduced penetrance. Although Swinkels et al.
(2008) characterized the critical region of trigonocephaly
as a 300 kb segment within 15.1-15.3 Mb from the 9p ter-
minus (9p22.3), according to the range of interstitial de-
letions in their patients 1—3, the authors did not use BAC
clones that covered the region from 8.3 to 14 Mb in these
patients. Therefore, they defined a more proximal region
as being critical. The use of array CGH in their patients
6—9 allowed these authors to define the exact range of the
deleted regions. This indicates the importance of array
CGH for the precise identification of the size of deletions
and duplications.

Our findings agree with Christ et al. (1999), who re-
ported a deletion of 8-16 Mb, starting from the 9p ter-
minus. Moreover, they were in accordance with those of
Hauge et al. (2008), who reported two patients with trigo-
nocephaly and a deletion of 10—12.4 Mb.

Di Bartolo et al. (2012) described a female patient with
an 11.57 Mb deletion of 9p24.3—p23 and a duplication of
32.7 Mb from 9p23 to 9p11.2. The patient exhibited clini-
cal manifestations of 9p trisomy and some of 9p deletion;
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FIGURE 4 Diagram comparing the deleted region in our patients with those reported by other authors to identify the minimal critical
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who have trigonocephaly
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she did not have trigonocephaly and had CHD and nor-
mal genitalia. In contrast to trigonocephaly, she had de-
layed closure of the anterior fontanelle and sagittal suture,
which are manifestations of 9p duplication. The patient
reported by Di Bartolo et al. (2012) had the 9p deletion
breakpoint at 11,575,785 and no trigonocephaly, and our
patient 8 had the breakpoint at 11,587,02 and had trigono-
cephaly. This suggested that the selected critical region for
trigonocephaly lies within 11.8 kb in 9p23 (11,575,785 to
11,587,302). Thus, we propose that this segment respon-
sible for trigonocephaly. Although there are no reported
genes in this segment, OMIM defines eight phenotype
loci related to this segment. The region is flanked by two
uncharacterized transcripts that may be essential for tran-
scriptional regulation of other genes related to 9p dele-
tion syndrome including trigonocephaly. https://www.
ncbi.nlm.nih.gov/nucleotide/XR_929476.2%report=-
genbank&log$=nuclalign&blast_rank=1&RID=AAUBV
F8WO1N. https://www.ncbi.nlm.nih.gov/nucleotide/
XR_929479.1?report=genbank&log$=nuclalign&blast_
rank=4&RID=AAUBVF8WO1N.

We suggest that this 11.8 kb region in 9p23, is the most
critical region for trigonocephaly. Further research is nec-
essary to detect mutations in this region, especially in pa-
tients with isolated trigonocephaly.

Our suggested critical region is in accordance with
several reports of deletions that encompass our region
of trigonocephaly (Christ et al., 1999; Faas et al., 2007;
Hauge et al., 2008; Kawara et al., 2006; Mitsui et al., 2013;
Shimojima & Yamamoto, 2009; Swinkels et al., 2008;
Wagstaff & Hemann, 1995). There are very few exceptions
to our suggested critical region, Mitsui et al. (2013) re-
ported a patient with a 9 Mb deletion from the 9p terminus,
and Hauge et al. (2008) described 9p terminal deletion of
4 Mb in patient no. 4, both of whom had trigonocephaly.
The variance between different authors in the suggested
critical region for 9p deletion syndrome including trigono-
cephaly may indicate that there is more than one gene on
9p and that its deletion may contribute to trigonocephaly.
Furthermore, our suggested critical region may contain a
regulatory sequence essential for the transcription of one
or more of these genes.

Figure 4 represents the deleted 9p regions in our pa-
tients and those reported by other authors to identify
the minimal critical region for trigonocephaly. Most
of the reported critical regions for trigonocephaly en-
compassed our suggested critical region (with few ex-
ceptions). Several authors have narrowed down the
critical region of trigonocephaly to a 3.5 Mb segment
extending from 11.4 to 14.9 Mb from the 9p terminus,
and the critical region for the clinical picture of 9p de-
letion lies within the 9p23 segment. The region of Di
Bartolo et al. (2012) was 11,575 Mb in a patient with no

Molecular Genetics & Genomic Medicine 13 0f 15

trigonocephaly, that of Hou et al. (2016) was 11.8 Mb in
a patient with trigonocephaly and that of our patient
8, who had trigonocephaly was 11,587 Mb. These data
are the most supportive of our suggested critical region
(11,575—1,587 Mb). We suggest further study to detect
mutations in this region, particularly in patients with
isolated trigonocephaly.

5 | CONCLUSIONS

In conclusion, the clinical findings of our cohort (ex-
cept patient 9) reflect the typical phenotype of 9p dele-
tion syndrome. Hypopigmentation of hair and skin was
an additional feature in most of our patients and has not
been previously reported. The phenotypic features and
the range of deleted regions led us to conclude that the
distal 2.3 Mb 9p terminal region carries genes that are re-
sponsible for gonadogenesis in both females and males.
Moreover, a breakpoint cluster region was identified in
the segment through 16—18 Mb, which was present in six
of our patients and has been reported by other authors.
The translocation (8;9) is not random and a palindromic
region may be involved between 8p and 9p because this is
arecurrent locus for translocation. In conclusion, we sug-
gest that the genome location of 11,587,302—11,575,785
in band 9p23 is the critical region for trigonocephaly. To
the best of our knowledge, this is the minimal critical re-
gion reported for trigonocephaly, and it warrants further
delineation.
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